An emission spectrum of hot water with a temperature of about 3000 K is obtained using an oxy-acetylene torch. This spectrum contains a very large number of transitions. The spectrum, along with previous cooler laboratory emission spectra and an absorption spectrum recorded from a sunspot, is analyzed in the 500-2000 cm −1 region. Use of a calculated variational linelist for water allows significant progress to be made on assigning transitions involving highly excited vibrational and rotational states. In particular emission from rotationally excited states up to J = 42 and vibrational levels with up to eight quanta of bending motion are assigned.
I. INTRODUCTION
Vibration-rotation bands of hot water vapor are prominent in the spectra of flames and cool stars.
1 As early as the 1890s these "steam bands" were recorded from the infrared emission obtained during the combustion of hydrocarbons.
2
They can also be seen in rocket plumes and in jet engine exhausts.
1 Absorption of hot water vapor appears in the near infrared spectra of M-type stars 3 and brown dwarfs. 4 In the laboratory, the first modern data for hot water vapor were recorded by workers 5, 6 at Meudon Observatory near Paris using an oxygen-hydrogen torch with a temperature of about 2900 K. The water emission in the 2800-9000 cm −1 spectral region was recorded with a high resolution Fourier transform spectrometer. The rotational analysis was carried by the traditional methods of pattern recognition and combination differences. This pioneering effort provided some assignments up to J = 35, which lies at 11 656 cm −1 in the ground vibrational level. The main difficulty in assigning the hot water spectrum, apart from dealing with an irregular jumble of lines from a light asymmetric top, is the presence of "anomalous centrifugal distortion." As the water molecule rotates, it experiences a substantial geometrical distortion, particularly of the bending angle, from centrifugal forces. The usual Watson rotational Hamiltonian diverges and an excessive number of centrifugal distortion terms need to be retained to fit the experimental data. 7 This divergence of the Hamiltonian limits the utility of predictions of line positions with higher J and, in particular, higher K a values than those already included in the fit. It is this anomalous centrifugal distortion that limited the range of the rotational assignments in the original torch spectrum-not the signal-to-noise ratio of the spectra. Various schemes [7] [8] [9] [10] [11] have been devised to reformulate the rotational Hamiltonian to improve convergence. These efforts have enjoyed some success, but the most satisfactory approach to assigning the hot water spectrum lies in abandoning perturbation theory altogether. The observation of the very dense water spectrum near 10 m in a sunspot 12 ͑Water on the Sun͒ prompted the application of a variational approach 13 based on solving the full vibration-rotation Schrödinger equation to predict the energy levels with high quality ab initio potential surfaces. 14, 15 The variational apa͒ proach has yielded the majority of the new assignments and energy levels as tabulated by Tennyson et al. 16 Highly excited levels of water can also be obtained through the analysis of overtone spectra. In contrast to the spectra obtained with furnaces and torches, the overtone data are rotationally cold. Overtone spectra have allowed the assignment of vibrational levels with up to eight quanta of OH stretching ͑at 25 120 cm −1 ͒ to be observed. 17 Highly excited bending levels, which are expected to show interesting effects, 18, 19 are not detected by overtone spectroscopy. The highest pure bending level that is reliably assigned 16 is ͑060͒, although tentative assignments of some levels up to ͑0 10 0͒ has been made on the basis of perturbations. 20 Very recently another source of highly excited energy levels of water has been developed by Coudert et al. 21 Coudert et al. have fitted the rotational energy levels obtained mainly from a far infrared emission spectrum of water vapor excited by a radio frequency discharge. The lines associated with the first eight vibrational levels were fitted with the theoretical approach of Coudert.
11 Very few new levels were seen, but the accuracy of the levels was significantly improved.
The goal of the current research is to obtain a new spectrum of a torch over a wider spectral range and then apply the variational approach to extend the assignments of the water levels to higher J, K a levels. In addition, the torch spectrum allows us to assign different vibrational levels, particularly new pure bending levels.
The temperature of the water vapor in an oxy-acetylene or oxy-hydrogen torch can reach 3000 K, but the line width is about 0.05-0.10 cm −1 because of pressure broadening at 1 atm. The pressure can be reduced, but this also reduces the signal-to-noise ratio. The torch unfortunately has extensive emission from extraneous molecules such as CO, CO 2 , and OH, in addition to water. Furnace sources allow the spectrum of pure water vapor to be recorded, but then the temperature is limited to a maximum of about 2000 K by the softening of the ceramic walls of the confining tube. Carbon tube furnaces can also reach 3000 K but the water gas reaction, H 2 O͑g͒ + C͑s͒ → CO͑g͒ + H 2 ͑g͒, prevents their use as a source of hot water emission. Despite its limitations, the oxy-acetylene torch at atmospheric pressure was used for all of the work reported in this paper. As shown below this approach yields a considerable amount of information.
II. EXPERIMENTAL PROCEDURE
Hot water vapor was produced in an oxy-acetylene torch at atmospheric pressure. Emission spectra of the flame were recorded using a Bruker IFS 120 M Fourier transform spectrometer between 500 and 13000 cm −1 , using a variety of combinations of filters and detectors. For the 500-2000 cm −1 region investigated here, two different settings were used: KBr entrance window and beam splitter were used to record the spectra in the lower wave number region, along with a HgCdTe detector. With this setup, the entrance aperture was 4 mm in diameter and the spectral resolution was 0.03 cm −1 ͑30 cm maximum optical path difference, mopd͒. A CaF 2 window and beam splitter were used to enhance the signal-to-noise ratio above 1900 cm −1 , where an InSb detector was used. In that spectral region, a 2 mm aperture was chosen and the spectral resolution was set to 0.05 cm −1 ͑18 cm mopd͒. In both regions 512 scans were co-added, thereby producing emission spectra with very low noise, see Fig. 1 .
The line positions and intensities in the spectra have been determined using the WSPECTRA program. 22 In order to get rid of some weak ringing, the lines were first identified in spectra that were apodized using a Norton-Beer weak function. The fits were then performed on the unapodized spectra using the sinc instrument line shape function to determine line positions and intensities, see Fig. 2 . In the fitting procedure a Voigt molecular line shape function was used, and both Gaussian and Lorentzian contributions were fitted. The WSPECTRA program also automatically fitted the baseline. It is worth pointing out that the spectra have not been corrected for the response of the optics and the detectors. The relative line intensities are therefore not reliable over large spectral ranges and should be used with care. The wave number calibration was performed using the laboratory hot water vapor measurements of Tereszchuk et al. 23 in the 4880-7550 cm −1 region, which is not presented in this paper. The consistency of the calibration was verified using the CO line positions in the 1-0 band, as archived by the National Institute of Standard and Technology. 24 Our measurements agree with the NIST data to within 5 ϫ 10 −3 cm −1 , which is satisfactory considering the fact that the CO pressure-induced wave number shifts were not taken into account in the comparison. The value of 5 ϫ 10 −3 cm −1 is taken as a "worst-case" estimate of the absolute accuracy of our measurements. A statistical uncertainty originating from the quality of the spectral fit also has to be taken into account for each line. This statistical uncertainty is of the order of 10 −4 cm −1 for strong and welldefined lines, but reaches significantly larger values for the numerous weak or blended lines.
As is obvious from Figs. 1 and 2, the spectra are very dense over the entire wave number region investigated, showing in addition to water lines, emission features of CO, CO 2 , and OH. The OH lines were identified in the spectra by comparing the calibrated list of measured line positions between 5000 and 13000 cm −1 to calculated values, obtained using the spectroscopic data of Colin et al. 25 and Melen et al. 26 Vibrational levels up to v = 8 were considered in the comparison, and the very weak satellite lines were neglected. CO lines were similarly identified by using the HITEMP database 27 as a reference, with v = 8 as the highest vibrational level, and both the 12 CO and 13 CO isotopes were considered. Observed CO lines are due to rotational transitions in the v = 0 and 1 vibrational levels, with only five lines in the v =2 vibrational level.
A search for CO 2 lines was made using data taken from the carbon dioxide spectroscopic database ͑CDSD͒ system of the Institute of Atmospheric Optics of the Siberian Branch of the Russian Academy of Sciences. 28 This database contains transitions from HITRAN, HITEMP, and GEISA databases and can be used to simulate spectra at different temperatures, pressures, optical path lengths, and line shape parameters. It transpires that the CO 2 lines at 3000 K in the 500-2000 cm −1 region are approximately three orders of magnitude weaker than the OH lines in this region. This means that contrary to our expectations, CO 2 lines are barely detectable in the spectrum analyzed in this paper. Indeed the only transitions identified lie below the cutoff used for measuring lines. The strong vibrational spectrum of CO 2 starts at about 2200 cm −1 and will be taken into account in our future analysis of water molecule in the stretching mode region. In the region of interest in the current paper, out of the 10 100 measured lines, 363 were assigned to CO and 141 were assigned to pure rotational transitions of OH.
III. THEORETICAL ANALYSIS
Spectra of hot water vapor in the 500-2000 cm −1 region considered in this paper have been recorded in the laboratory ͑pure rotational spectrum T = 1800 K, 373-934 cm −1 region, and v 2 band spectrum T = 1800 K, 933-2500 cm −1 region͒ in emission and in sunspots ͑ T Ϸ 3200 K, 722-1011 cm −1 region͒ in absorption. 12, 29, 30 It was decided to analyze the current data along side these older spectra. Figure 3 compares a portion of these spectra. The laboratory emission spectra from heated cells were recorded at a lower temperature than the present spectrum, so are less suitable for searching for highly excited transitions of water. Indeed the previous v 2 band spectrum contains some 40% fewer lines than the oxy-acetylene torch spectrum. However in the 373-934 cm −1 region, the older emission spectrum has about 1000 more lines than the torch spectrum. The higher pressure in the torch spectrum means that many weak lines are obscured by stronger ones. The sunspot spectrum contains more than three times the number of lines, in absorption, than the present emission spectrum over the region in which they overlap. The sunspot spectrum thus remains the richest in terms of hidden information or number of lines per wave number. The main drawback of the sunspot spectrum is its limited wave number range due to absorptions in the Earth's atmosphere. Many of our assigned lines lie outside the range of the sunspot spectrum. Furthermore, the high density of the lines, up to 50 per wave number, requires very precise frequency predictions from theoretical calculations when dealing with the weaker lines. Almost all the strong and medium absorption lines were assigned in our previous work, 13, 30 but few of the weaker lines.
These hot water spectra contain information on highly excited vibrational and rotational levels. To be explicit, we report below emission arising from levels with up to eight quanta of bending excitation and levels rotationally excited to J = 42. Our theoretical model therefore must be capable of dealing with this high degree of excitation.
In analyzing the spectra we used a calculated variational linelist for hot water. The BT1 linelist was constructed explicitly to provide reliable models for the opacity of water in the atmosphere of cool stars. It therefore considered all levels of the molecule with J ഛ 50 and lying up to 30 000 cm −1 above the J = 0 ground state. The linelist used the recent, spectroscopically determined potential energy surface of Shirin et al. 31 and special care was taken to ensure complete convergence of these levels as this has proved to be a problem with previous hot water linelists ͑see Ref. 30͒. Full details of this linelist, including a database containing all 620 ϫ 10 6 transition intensities will be presented elsewhere. 32 The first step in analyzing the torch spectrum, after marking the OH and CO lines, was to make trivial assignments, that is, assignments made using our hot water linelist and previously known experimental energy levels of the water molecule. 16 As the observed linewidths are relatively large a significant number ͑about 20%͒ of the experimental lines have double ͑or even triple͒ trivial assignments. In fact the number of multiply assigned lines was even higher after making our initial trivial assignments. In this initial analysis we used the theoretical linelist with an intensity cutoff about half that of the weakest experimental lines and did not compare theoretical and experimental intensities. In making our
final trivial assignments we retained only lines which give at least 20% of the total line intensity. About 80% of the measured lines were assigned trivially.
In analyzing the remaining unassigned lines in the torch spectrum we employed different methods for different unknown levels. These levels can be roughly divided into three groups: ͑a͒ highest J, low K a rotational levels in the lowest vibrational levels ͑000͒, ͑010͒, and ͑020͒; ͑b͒ high J͑=20-30͒, intermediate and high K a , low vibrational levels ͑000͒, ͑010͒, ͑020͒, ͑030͒, and ͑040͒; and ͑c͒ high bending levels ͑050͒, ͑060͒, ͑070͒, and ͑080͒.
For assigning transitions involving the highest J and low K a rotational levels we used the method of branches, which has been described elsewhere. 30, 33 To predict the energy of an unknown level we used not only the calculated value, but also looked at the difference between observed and calculated values for the same branch of levels with lower J values. The BT1 linelist is based on a spectroscopically determined potential energy surface for which only levels with J = 0, 2, and 5 were used in the fit. The standard deviation for that fit was 0.1 cm −1 , but for the highest J levels known previously the typical observed minus calculated ͑obs− calc͒ 
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Coheur et al. J. Chem. Phys. 122, 074307 ͑2005͒ value grows to 0.8 cm −1 for ͑000͒ state, 0.4 cm −1 for ͑010͒ and 0.3 cm −1 for ͑020͒. Although these errors are much larger than the average spacing between measured lines, the differences increase smoothly with J. This means we can predict the positions of unknown higher J levels with an accuracy of about 0.02 cm −1 . This is sufficient for unambiguous assignments.
Some of the lines linking levels with the highest J values were found only in the laboratory pure rotational spectra, 30 as they are obscured by stronger neighboring lines in the higher linewidth torch spectra. We were unable to assign these levels previously due to the lack of sufficiently accurate predictions from variational calculations. The present analysis allowed us to determine about 100 different levels and increase the maximum J value from 35 to 42 ͑from 11656 to 16406 cm −1 ͒ for the ground vibrational level, from 32 to 39 for ͑010͒, and from 31 to 36 for ͑020͒. The newly determined highest J, low K a rotational levels for the ͑000͒, ͑010͒, and ͑020͒ vibrational levels are presented in Table I .
The majority of the assigned levels belong to states with high J͑=20-30͒, intermediate or high K a , and low bending vibrational excitation. Within a set of levels with a given J and vibrational state the obs− calc changes smoothly with changing values of K a and K c . This means one can predict unknown levels with an accuracy sufficient for assignments. Our previous work on hot water spectra gave us enough known levels for each set to make this method of assignment possible. Our energy levels are given in the EPAPS archive. 34 Most of the determined levels in the two groups mentioned above were obtained from a single pure rotational transition, as in each case this line is the strongest for the given level. It should be noted that the corresponding vibration-rotation transitions are largely not present in the torch spectrum since such transitions involving levels with high K a are too weak to be seen.
The fitting procedure employed to obtain the spectroscopically determined potential 31 used experimental energy levels for bending states up to ͑060͒. For levels belonging to the ͑040͒, ͑050͒, and ͑060͒ vibrational levels the residuals of the fit were small and changed smoothly with quantum numbers. Assignments could therefore be made using theoretical predictions. Most levels determined were confirmed by combination differences, making them reliable. About 20 levels of the ͑070͒ bending level have been previously determined from overtone spectroscopy, 20,35 along with the 6 34 level of the ͑080͒ vibrational level. 20 As these levels were not used in fitting, the residuals for them grows to 0.5 cm −1 for ͑070͒ and 1 cm −1 for ͑080͒. This is due to the bending vibrational levels approaching the barrier to linearity. Furthermore, for these states the obs− calc depends significantly on the value of K a but has almost no dependence on J for a given K a . This allowed us to assign 17 additional levels in ͑070͒ and 9 in ͑080͒. The assignments to ͑070͒ can be considered as reliable, especially those confirmed by combination differences. The assignments involving ͑080͒ are more tentative. The assigned rotational levels in the ͑060͒, ͑070͒, and ͑080͒ vibrational levels are presented in Table II .
For the ͑070͒ and ͑080͒ bending levels no transitions have been observed to the 0 00 rotational level. However it is possible to obtain an estimate for the vibrational band origin for these two levels by looking at the systematic differences between the observed and calculated rotational term values. Table III presents estimates for these band origins and a summary of the energy levels determined in this work. A complete tabulation of these levels is given in the EPAPS archive. 34 The many trivial assignments made in this work can be The EPAPS archive also contains a listing of the three spectra of hot water ͑re͒analyzed here: the oxy-acetylene torch spectrum obtained with T = 3000 K for the 529-2000 cm −1 region, the pure rotational laboratory emission spectrum T = 1800 K, 373-934 cm −1 region, and the sunspot absorption spectrum T Ϸ 3200 K, 722-1011 cm −1 region. 12, 29, 30 After completing work on the torch spectrum we performed a trivial assignment of the sunspot spectrum and then checked for consistency between theoretical and experimental intensities. Incorrect trivial assignments, those for which the theoretical line was too weak for a relatively strong experimental line, were removed. Even with OH and SiO lines marked, about half of measured lines in the sunspot spectrum remain unassigned. Assignments obtained from the torch spectrum have also been added to the pure rotational laboratory spectrum.
IV. CONCLUSIONS
In this paper we report the observation of a new spectrum obtained from an oxy-acetylene torch with a temperature of about 3000 K. This spectrum is rich in emission from hot water and, in principle, contains a significant quantity of information.
More accurate and more extensive variational linelist has been used to analyze the torch spectrum with different strategies employed for transitions involving three different types of highly excited states. Altogether about 85% of the 10 100 lines measured in the torch spectrum in the 500-2000 cm −1 range have been assigned. The majority of the remaining unassigned lines lie in pure rotational transition region ͑500-1000 cm −1 ͒. These lines belong mostly to high J rotational transitions within vibrational states with stretching excitation. Some of these lines could, in principle, be assigned now. However a more productive strategy is to analyze these transitions at the same time as the 2000-5000 cm −1 region, which contains the stretching vibration-rotation transitions. This approach will give combination differences to confirm the assignments made.
The bending region ͑1000-2000 cm −1 ͒ contains further information on the higher bending states. To make progress on these highly excited bending states will require an improved fit to the potential energy surface to give more reliable predictions. One method is to include iteratively the determined energy levels of the high-lying bending states to give better predictions and hence more levels. This method has recently been used to analyze successfully the emission spectrum of hot ͑1800 K͒ D 2 O.
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